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H I G H L I G H T S

• DFT has been applied to investigate the Half-metallic properties of CrSb/KCl [0 0 1].

• The optical response of CrSb/KCl [0 0 1] has been occurred at visible range.

• The band offset parameters at CrSb/KCl [0 0 1] interface are type I.
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A B S T R A C T

Half-metallic, optical and band offsets properties of CrSb/KCl [0 0 1] interface have been calculated within the
density functional theory (DFT) framework using FP-LAPW+lo method. We found that the CrSb/KCl [0 0 1]
heterojunction retain perfect half-metallic character with 0.95 eV and 1.5 eV spin flip gap at spin down, using
GGA and mbj approximations, respectively. The 0.03meV electrostatic potential gap between CrSb film and KCl
substrate demonstrate that the CrSb film is the good spin electron source for injection to the KCl film. The optical
coefficients such as real and imaginary parts of dielectric function, reflection, refraction, extinction and energy
loss function indices have been shown the good optical response in the visible area. The band offset parameters
of CrSb/KCl [0 0 1] interface are of the type-I model with great amount of ФB and χ potentials.

1. Introduction

The Giant Magneto Resistance (GMR) and Tunneling Magneto
Resistance (TMR) discovery by Günberg [1] and Fert [2] opened the
new windows to the magneto- electronic and spintronic industry. The
ferromagnetic materials (FM) films are used for the spin source to the
semiconductor films in the interfaces [3], but the spin polarization of
the spin injection is very small, about 2% [4]. The Half-metallic fer-
romagnets were offered as a good candidate for this problem. The Half-
metals have metallic behavior at majority spin and semiconducting
behavior at the minority one which in ideal case have the 100% spin
polarization. Some efforts on the dilute semiconductors such as
GaMnAs have predicted spin-polarized electron sources with 90% ef-
ficiency but with very low Curie temperatures [5]. Also, some other
works on the new Half-metals such as CrO2 and La0.7Sr0.3MnO3 have
been done [6,7], but they all predict low Curie temperatures. Recently,
the experimental and theoretical studies on the Heusler compounds
have shown good Curie temperatures (above room temperature) [8,9]

but the Half-metallic property on their surface were decreased or van-
ished [10–12] and it was difficult to control the stoichiometry on the
film surfaces [13]. The Akinaga’s [14] work of predicting the Half-
metallic behavior of CrAs in the zinc-blende (ZB) phase, opened the
new windows to the binary compounds of Half metals which have two
main phases, ZB and NiAs-type structures [15–17]. The crystal structure
and nearly crystal lattice of these compounds with the III-V and II-VI
semiconductors to minimize the interface spin scattering was the main
cause to grow their films on the semiconductor substrates. But, the
fabrication of Pnictides and chalcogenides in ZB structure has in-
stability [18] and difficulty. Recently, some efforts on CrSb in the bulk,
film and interface structures have been done both theoretically and
experimentally [19–25]. According to the reports, CrSb ZB has the Half-
metallic behavior by 3µB magnetic moment and 2 eV spin flip gap at the
Fermi level which indicates that this compound can be a good candi-
date for the spintronic and opto-electronic industry. But the results have
shown that CrSb is meta-stable in the ZB bulk form, so a practical ap-
proach for stabilizing its ZB structure is the pseudomorphic growth of
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CrSb thin film on ZB semiconductors such as GaAs, experimentally or
GaSb and InAs, theoretically [26]. To selected the good substrate, there
must be a negligible difference between the lattice constants of CrSb
(6.14 Å) and its substrate (GaSb: 6.1 Å, InAs: 6.06 Å) [27]. Other

calculations have confirmed the meta-stability of CrSb ZB in the me-
chanical view by lower elastic constants and bulk modulus [28].
Growing the semiconductor substrates have difficulty in the experi-
ment, so discovery of the new substrates which have accessibility,

Fig. 1. The heterojunction picture of the CrSb/KCl [0 0 1].

Table 1
The layer distances of the CrSb/KCl [0 0 1] layers in Angstrom (Å) at two sides of the interface and comparision with CrSb and KCl bulk layers.

dbulk
CrSb dmiddlelayer

CrSb
−

dsubinterface thlayer
CrSb

3 −
dinterface subinterface

CrSb dinterface
−

dinterface subinterface
KCl

−
dinterface thlayer

KCl
3 dmiddlelayer

CrSb dbulk
KCl

1.48 1.392 1.376 2.623 3.230 3.015 3.046 3.193 3.146

Fig. 2. The Bandstructure diagram of spin up and down versus the symmetry points at first brillouin zone for the GGA and mbj approximations.
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stability and affordability to keep the spin polarization at the interface
is a necessity. The ionic compounds such as NaCl and KCl have the
abovementioned properties for using in substrate of CrSb. Shandong
et al [29] deposited CrSb on the KCl along the [0 0 1] direction by
magnetron sputtering and reported the strong ferromagnetic behavior
for this interface. Investigation of the important parameters for the spin
injection such as the electronic and band alignment characteristics as
well as optical properties can be interesting for opto-electronic appli-
cations but none of them have been reported yet.

2. Computational methods

The calculations have been done by the density functional theory
(DFT) with full potential augmented plane waves plus local orbitals (FP-
LAPW+lo) in the Wien2K code using the generalized gradient ap-
proximation (GGA) for exchange-correlation energy [30–32]. The

optimized input parameters such as KPoint, RKmax and lmax for the
CrSb/KCl [0 0 1] super lattice have been chosen as 500, 8.5 and 12,
respectively, and the scf calculations were converged by electronic
density to 0.0001. The atomic forces on their positions in Fig. 1 were
optimized to 1mRyd/a.u. with “mini-position” command. Also, the
optical calculations were done by 1000 KPoint in the first Brillouin zone
and random phase approximation (RPA) [33]. The film and substrate
lengths were optimized in comparison with the middle atomic layers of
the bulk layers and collected in Table 1 which shows little mismatch
between them implying good accuracy of the atomic lengths at two
sides of the interface. The CrSb/KCl [0 0 1] interface might be built in
the two KCl-Cr and KCl-Sb geometries. For checking their stability, it
can be calculate the cohesive energy (EC) (Eq. (1)), which its negative
amounts indicate thermodynamic stability. So, the EC of the two men-
tioned interfaces of the CrSb/KCl [0 0 1], KCl-Cr and KCl-Sb were ob-
tained by -6.1 eV and -0.5 eV, respectively, indicate good stability in

Fig. 3. (a) The total DOS of the CrSb/KCl [0 0 1] by GGA and mbj approximations, (b), (c) The K and Cl atoms DOS of the interface and middle layer by GGA, (d) The
Cr DOS of the interface and middle layer by GGA, (e) The Sb DOS of the sub-interface and middle layer by GGA.
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thermodynamic point of view for the KCl-Cr interface choice.

=
− + + +

+ + +
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N N N N
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Cr Cr

Single
Sb Sb
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/

(1)

In this relation, the ECrSb/KCl is the total energy of the CrSb/KCl
[0 0 1] supercell, the ECr

Single, ESb
Single, EK

Single and ECl
Single are the single atoms

energies, respectively and NCr, NSb, NK and NCl are the number of Cr, Sb,
K and Cl atoms in the supercell.

3. Results and discussions

3.1. Electronic properties

Band structure (BS) diagram shows variation of the energy levels
versus the K vectors in the first Brillouin zone and contains important
information about the electronic, optical and transport behaviors of the
matter. The BS of CrSb/KCl [0 0 1] interface is depicted in Fig. 2 for the
up and down spins indicating the half-metallic behavior with 100% spin
polarization at the Fermi level (EF= 0) by GGA and mbj approxima-
tions. It is shown that the perfect spin-polarization at Fermi level is

Fig. 4. The partial DOS of the valance and conduction orbitals of the Cr, Sb, K and Cl atoms.

Fig. 5. The electrostatic potential along the CrSb/KCl [0 0 1] growth.
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existed for the two mentioned approximations, at spin up no significant
changes have taken place but the energy and spin flip gaps were in-
creased of 1.68 eV, 0.94 eV–1.5 eV and 2.6 V, respectively and emerged
a gap around the -4eV area. Furthermore, it has complete magnetic
behavior by metallic and semiconducting behavior for the up and down
spins, respectively. The Fermi level lies in the middle gap while the
conduction band minimum (CBM) resides at Γ and the valance band
maximum (VBM) points appear at → → →R X M MΓ, , Γ directions in
the two mentioned approximations. Curvature of the up spin curves

above the Fermi level are very higher than down ones which implies the
great electron mobility at this levels, therefore, CrSb/KCl [0 0 1] het-
erojunction can be a good candidate for GMR and TMR applications.
Comparison of the BS and density of states (DOS) graphs in Fig. 3 re-
veals that the main spin polarization at the Fermi level is due to the Cr-d
and Sb-p interactions. For better comparisons, the total DOS diagram by
mbj approximation is added to the Fig. 3(a), confirming the 100% spin-
polarization and perfect half-metallic nature of the CrSb/KCl [0 0 1]
heterojunction. Also, inhomogeneous atomic bonds around the inter-
face are other reasons for this subject. As demonstrated in Fig. 3, be-
cause of the Cr-K bonds at the interface, the DOS amount of the inter-
face Cr decreases at the energy of -3eV compared to the middle one. The
partial DOS diagrams of Fig. 4 have been shown that the Cr-d and Sb-p
orbitals in the −5 eV to 0 eV are the main electron source injection to
the K-p, Cl-s and Sb-p orbitals. Also, it is clear that K and Cl orbitals
have no any contribution at conduction. Displayed in Fig. 5 for the up
and down spins are the changes of the electrostatic potential energy of
the substrate and film layers versus the growth direction. It is clear that
the electrostatic potential energy of both spins are the same for the
substrate layer (KCl) but different for the film sides such that the
electrostatic potential energy of the down spin is greater than up one
and hence, the majority charge carriers belong to the up spin, so, by
changing the external magnetic field the spin injection can be con-
trolled. Also, the potential difference at the interface area is valuable

Table 2
Total magnetic moment (TMM) and atomic magnetic moment (AMM) in terms of magneton-bohr (μB) of CrSb/KCl [0 0 1] heterojunction.

Approximation TMM SbAMM
middle CrAMM

middle −SbAMM
sub interface CrAMM

interface KAMM
interface ClAMM

interface KAMM
middle ClAMM

middle

mbj 15.00 −0.206 3.133 −0.181 3.715 0.003 −0.003 0.000 0.000
GGA 15.00 −0.154 2.927 −0.136 3.578 0.010 0.009 0.000 0.000

Fig. 6. (a), (b) The real part and imaginary part of dielectric function, (c)
Energy Loss Function (ELF) versus photon energy at x and z directions.

Fig. 7. (a) The refraction and (b) The extinction coefficients diagrams of x and z
directions.
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because the film side potentials of about 0.03meV can help on better
switching of the electron injection. The identical spin behaviors in the
substrate layer provides a good meter for analyzing the electron in-
jection of various spins and thus it is a privilege for KCl to be selected as
a sub-layer.

The total and intrinsic magnetic moments of CrSb/KCl [0 0 1] su-
percell and important layers have been reported in Table 2. It is shown
that the total magnetic moment (TMM) for the GGA and mbj approx-
imations are equal to 15.00 μB indicating no change in the TMM, which
implies to accuracy in our calculations. The integer and high amounts
of TMM with two mentioned approximated have been shown the per-
fect half-metallic property and strong ferromagnetic behavior for CrSb/
KCl [0 0 1] heterojunction in agree by our electronic calculations and
experiment [29]. The comparison atomic magnetic moment (AMM) of
layers were indicated the magnetic moments of K and Cl are zero in the
middle layer of KCl and by approaching to the interface are raised and
on the other side of the interface, the Cr magnetic moment were in-
creased at interface than middle layers on the contrary the Sb ones have
been decreased in the sub-interface layer.

3.2. Optical properties

The matter response to the optical beam is explained by the di-
electric tensor which is a combination of two parts, the real and ima-
ginary dielectric functions (Re-ε(ω) and Im-ε(ω)) whilst based on the
Kramars-Kroing relations the other optical coefficients such as refrac-
tion, reflection, energy loss function (ELF), extinction and absorption
indices are extracted from the dielectric function. Re-ε(ω) of the CrSb/
KCl [0 0 1] is depicted in Fig. 6(a) in the two x and z directions (with
being x-y plane and the growth direction). Obviously, after 3 eV be-
haviors are quite similar in both directions, but in the infrared (IR)
region they have different trends. The static amounts of the Re-ε(ω) (Re-
ε(0)) have shifted towards the negative and positive infinity respec-
tively, implying the metallic behavior at x direction. According to
Fig. 8(b), Im-ε(ω) diagrams start from zero at z direction but has infinite
amount in x direction. Each Im-ε(ω) peak explains an electron trans-
mission from a full level to an empty one, as a result of the inter+intra
band transitions in metals. The plasmonic oscillations occur at 7 eV and
11.5 eV at x direction, corresponding to the Re-ε(ω) roots and sharp
reduction of Im-ε(ω) as well as the appearance of ELF peaks in these
photon energies. Increasing the photon energy is followed by reduction
of the Re-ε(ω) and Im-ε(ω) but the rise of the ELF curves, so the CrSb/
KCl [0 0 1] interface has good efficiency in the IR and visible ranges.

Another optical parameter portrayed in the Fig. 7(a) is the refrac-
tion index for the x and z directions. Apparently, it decreases by in-
creasing the photon energy, representing an insulator at the UV area
and the amounts of lower than one between the energies of 10–15 eV
imply the superluminal phenomena. However, dual behavior is ob-
served in the IR range, that is, while the static amount of the refraction
index goes towards huge values in x direction inferring a metallic
nature, it has a finite small amount in the z direction suggesting a the
semiconducting property. The extinction indices of the CrSb/KCl [0 0 1]
have been depicted in Fig. 6(b) for the two x and z directions. Clearly,
they have asymmetric behavior in lower energies but homogenous
manner at the UV area. At higher energies in the two mentioned di-
rections, reduction rate of the absorption amplitude is low and thus the
optical transmission would be great.

The plots of absorption indices in the two x and z directions in
Fig. 8(a) indicate a close similar trend at all energy regions and have
been growth by increasing photon energy. In reference to the absorp-
tion and reflection figures, increase of the absorption and decrease of
the reflection amounts at higher energies emphasize the transparency of
the CrSb/KCl [0 0 1] interface at both directions, but in the IR region
and visible edge the directional behaviors are opposite. Reflectivity is a
function of the incident photon direction in the IR area with two dif-
ferent optical behaviors, metallic and semiconducting, in the x and z
directions respectively.

3.3. Band offsets of CrSb/KCl [0 0 1] interface

The band alignment parameters are technologically related quan-
tities in the electronic transportations. Generally, a halfmetal/semi-
conductor heterojunction in the majority spin simulates a metal/semi-
conductor contact with a p- or n-type Schottky barrier (ФB), while in
the minority spin this interface acts as a semiconductor/semiconductor
heterojunction and the band discontinuities are defined as the valence
and conduction band offsets (VBO, CBO). ФB are defined as the dif-
ference between the semiconductor valance band maximum VBM
(conduction band minimum (CBM)) and metal Fermi level, while VBO
(CBO) is the difference between minority halfmetal VBM (CBM) and
semiconductor VBM (CBM). Clearly, seeking the new interface com-
pounds for the spintronic, optoelectronic and magneto-resistances ap-
plications is a necessary. Accordingly, the band alignment parameters
of the CrSb/KCl [0 0 1] VBO and CBO have not been reported so far.
The spin injection and transportation mechanisms are functions of the
band offsets at the interface films such as VBO and CBO and their

Fig. 8. (a) Absorption (b) Reflectivity curves at x and z directions.

Table 3
Schottky barrier ΦB(eV), electron affinity (χ ), VBO and CBO for the CrSb/KCl
[0 0 1] and other interfaces.

ΦB(eV) χ (eV) χ (eV) VBO CBO

CrSb/KCl 4.66 CrSb= 5.25 KCl= 3.44 3.68 1.81
MoS2/Al2O342 – – Al2O3=4.10 3.41
HfO2/GaN43 3.3 GaN=3.0 HfO2=2.5 −0.1 2.5
MgO/GaN44 – – GaN=1.06 3.3
P-Si/InN45 – InN=5.8 P-Si= 4.05 1.39 1.81
VSb/GaSb15 0.51 – – 1.25 0.47
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relative parameters. Referring to the Kraut [33] relations, the band
offsets can be calculated by [34]:

=ΔE (CrSb/KCl) E (CrSb) - E (KCl)V VB VB (1)

=ΔE (CrSb/KCl) E (CrSb) - E (KCl) - ΔEC g g v (2)

Having been extracted based on the above relations, the band offsets
and their related parameters such as the Schottky barrier ΦB(eV),
electron affinity (χ ), VBO and CBO of the CrSb/KCl [0 0 1] have been
listed in Table 3 and compared with some other interfaces. As illu-
strated in Fig. 9, CrSb/KCl [0 0 1] interface is of type I (straddling gap)
namely that the valance and conduction edges of CrSb lie in the KCl
gap. In conclusion, the CrSb/KCl [0 0 1] band alignment is a good
candidate for the Quantum wells emission (TMD) [35,36], tunneling
diodes and FET applications [37–45].

4. Conclusion

Based on the DFT calculations by GGA approximation, we found
good stability for CrSb/KCl [0 0 1] heterojunction in the energy view.
Our results indicated perfect half-metallic behavior by 0.95 eV spin flip
gap at spin down whereas the electrons have high mobility at spin up
and low at down one. The main reason of the energy gap at the Fermi
level is the Cr-d and Sb-p interaction. Also the electrostatic potential
indicated the great potential difference at the interface area which
made the CrSb/KCl [0 0 1] heterojunction for the spin injection appli-
cations. The optical response at the IR region is metallic at z direction
but no optical transmission has been occurred at this area. The main
optical response of CrSb/KCl [0 0 1] has been occurred at visible range
and at high photon energy, most light passes through of this matter.

Our calculations indicated the type-I model of the band offset levels
at the CrSb/KCl [0 0 1] interface location with great ФB and χ poten-
tials. According to the great energy gap of KCl and the band alignment
parameters this heterojunction can be a good candidate for GMR and
TMR applications. The important note is the easy growth of the KCl

than other conventional semiconductors for the substrate.
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